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In this dissertation, characterization of advanced hybrid plasma flow systems for materials processing is 
described. The advanced hybrid plasma flow systems are introduced for a DC-RF hybrid plasma flow system and 
DC arc-DBD coupled plasma flow system. Figure 1 (a) and (b) show the schematics and photographs of DC-RF 
hybrid plasma flow system and DC arc-DBD coupled plasma flow system. First, a DC-RF hybrid plasma flow 
system is characterized by the combination with DC plasma jet and RF plasma flow to improve the performance 
and efficiency of ceramic powder processes with a liquid spray method. This system operated by low electric power 
is conducted for a spheroidization process of Al2O3 ceramic powder with water droplet injection and a synthesis 
process of highly functional photocatalytic nanopowder with solution precursor injection. Second, a DC arc-DBD 
coupled plasma flow system is characterized by the combination with DC arc plasma jet and DBD plasma flow. 
This is a novel type of plasma flow system, as coupling with thermal and non-thermal plasma flow. For plasma 
surface treatment of materials, the novel type of DC arc-DBD coupled plasma flow system is proposed and 
developed in this study. The main chapters in this dissertation are divided into 5 chapters, which are briefly 
summarized with distinct results, respectively. 
In chapter 1, the background and purpose of this dissertation are introduced. Advanced hybrid plasma flow 
systems in Fig. 1 (a) and (b) are developed to overcome the problems of conventional plasma flow systems by 
combination of conventional plasma systems and to obtain a synergetic effect by coupling with thermal and 
non-thermal plasma flows, respectively. DC plasma jet has short processing time, high thermal density, easy 
ignition, and stable plasma flow, but it has also limitations, such as short particle residence time and small 
reaction zone. RF plasma flow has broad reaction zone and low flow velocity, but it has also limitations, such as 
difficult ignition and unstable flow. To overcome handicaps of respective systems, a DC-RF hybrid plasma flow 
system has developed, as shown in Fig. 1 (a). Using this system, powder processes are conducted for an Al2O3 
powder spheroidization process and carbon doped TiO2 (C-TiO2) nanopowder synthesis process by a liquid 
spraying method. These studies are described in chapters 2 and 3 in detail, respectively. Furthermore, a novel type 
of DC arc-DBD coupled plasma flow system is proposed and developed for plasma surface treatment, as shown in 
Fig. 1 (b). This system is coupled with DC arc plasma jet as a heat source and DBD plasma flow as a production 
source of chemically reactive species. This study is described in chapter 4 in detail. 
In chapter 2, the Al2O3 powder spheroidization process is carried out with water droplet injection in a small 
power DC-RF hybrid plasma flow system in Fig. 1 (a). The spheroidization process for Al2O3 ceramic powder is 
essential for dense coating formation in the thermal spray processes. Al2O3 particles generally form irregular 
shape, which decrease in powder fluidity determining a porosity rate in the coated layer, because it causes  
clogging during powder transportation in a thin tube. To improve powder fluidity, spheroidization processes have 
been carried out for production of spherical powders by priority. Spheroidized powder allows fine control of the 
powder feeding rate. Thus, higher power fluidity plays a dominant role for achieving forming highly dense coating 
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(a)                                            (b) 
Figure 1 Schematics and photographs of (a) DC-RF hybrid plasma flow system and 
(b) DC arc-DBD coupled plasma flow system. 
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(a)                                                (b) 
Figure 2 Effects of injections of water droplets and atomizing gas on (a) plasma enthalpy  
and (b) Al2O3 powder spheroidization rate. 
in the thermal spray processes. A DC-RF hybrid plasma flow system was employed for Al2O3 powder 
spheroidization process. However, it revealed a limitation of low Al2O3 powder spheroidization rate because of low 
input electric power in the previous study. To improve a spheroidization rate of Al2O3 ceramic powder without 
increasing electric powers of DC and RF, a method of water droplet injection is proposed as a flow control method. 
When injecting water droplets into downstream plasma flow by using a gas-liquid atomizer, injected water 
droplets into downstream plasma flow are vaporized. The water vapor is transported into upstream plasma flame 
in the upstream region by a characteristic backflow. The vapor is dissociated into hydrogen and other species in 
the plasma flow, and these species are mixed with the plasma flow for increases in plasma enthalpy (hp), as shown 
in Fig. 2 (a). For improvement of thermofluid flow characteristics of plasma flow by water droplet injection, a 
spheroidization rate of Al2O3 ceramic powder is effectively improved, as shown in Fig. 2 (b). In this chapter, distinct 
results are summarized as follows; 
(1) In spite of water droplet injection into downstream plasma flow, hydrogen is successfully produced in the 
upstream region of this system and mixed with the plasma flow.  
(2) The characteristic backflow is formed near the chamber wall in the system, which transports part of injected 
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(a)                                                    (b) 
Figure 3 (a) Band gap energy and (b) decolorization rates of MB solution  
under visible light irradiation for synthesized C-TiO2 nanopowders. 
water droplets to the upstream region along the chamber wall. 
(3) Plasma enthalpy increases with increase in a water flow rate at a constant electric input power due to the 
mixing effect of hydrogen, vaporized water, and argon plasma flow in the vicinity below the RF coils. 
(4) The spheroidization rate improved from 84.5% to 97% by injections of water droplets and atomizing gas at Qw 
= 15 Sml/min and Qg = 8 Sl/min due to an increase in plasma enthalpy. 
In chapter 3, based on the results of chapter 2, the synthesis process of highly functional C-TiO2 nanopowder is 
carried out with solution precursor injection in a small power DC-RF hybrid plasma flow system in Fig. 1 (a). TiO2 
nanopowder has paid attention because it is an attractive material commercially used as a photocatalyst. However, 
typical TiO2 unfortunately has a limitation that its photocatalytic activity is activated only under UV light 
irradiation which normally accounts for 5% in the total solar energy. To increase in light absorption of the TiO2, 
many studies have focused on preparation of higher functional TiO2 doping with a carbon atom to achieve higher 
photocatalytic activity not only in UV, but also in visible light irradiation. In a DC-RF hybrid plasma flow system, 
highly functional carbon doped TiO2 is synthesized by solution precursor injection. Droplets of the solution 
precursor injected into downstream plasma flow are vaporized, and then transported into upstream plasma flame 
by a characteristic backflow. In-flight TiO2 nanoparticles are actively react with dissociated into dissociated carbon 
in plasma flow, and carbon doped TiO2 is produced. As a result, C-TiO2 nanopowder has the Ti-O-C bond which 
reduces band gap energy and improves a decolorization rate of methylene blue even under visible light irradiation. 
Figure 3 (a) and (b) show the band gap energy and decolorization rates of methylene blue (MB) solution under 
visible light irradiation for synthesized C-TiO2 nanopowders. In Fig. 3 (a), C-TiO2 collected in the downstream 
region has low band gap energy due to the formation of Ti-O-C bond. After its heat treatment at 673-873 K in air, 
its Ti-O-C bond is broken and the band gap energy increases. In Fig. 3 (b), synthesized C-TiO2 nanopowders show 
mostly higher decolorization rates of MB solution than commercialized Ti compounds. Among them, C-TiO2 
collected in the downstream region shows the most effective decolorization rate of MB solution under visible light 
irradiation than the others due to the reduction of band gap energy. Thus, C-TiO2 nanopowder with the Ti-O-C 
bond is successfully synthesized by droplet injection of solution precursor in a small power DC-RF hybrid plasma 
flow system. In this chapter, distinct results are summarized as follows; 
(1) When injecting droplets of solution precursor into the downstream plasma flow, the droplets are transported 
by the characteristic backflow and C-TiO2 nanoparticles are synthesized by the active reaction with carbon 
and titanium in the plasma flow. 
(2) Synthesized C-TiO2 nanopowder contains anatase-rutile mixed-phase TiO2, TiC, and carbon substances. Its 
characteristics are affected by the powder collected location, plasma temperature, and plasma and heat 
treatments. 
? 3 ?
6 8 10 12 14 16
0.2
0.4
0.6
mode 2
slope
DC arc-DBD
 = C
d
DC arc-DBD coupled plasma flow (V
max
, Q
max
)
DBD plasma flow (V
max
, Q
max
)
Q
m
ax
 (?
C
)
V
max
 (kV)
slope
DBD
 = C
d
mode 1
 
6 8 10 12 14 16
10
20
30
40
50
60
70
80
Before plasma surface treatment
 
 
 DC arc-DBD coupled plasma flow
 DBD plasma flow
Su
rf
ac
e 
fr
ee
 e
ne
rg
y 
(m
N
/m
)
V
pp-DBD
 (kV)
QAr = 5 Sl/min
Time = 2 min
only DC arc plasma jet
 
(a)                                               (b) 
Figure 4 (a) Qmax-Vmax plot for DC arc-DBD coupled plasma flow system and  
(b) surface free energy of copper after plasma surface treatment. 
 
(3) Among the synthesized C-TiO2 nanopowders, C-TiO2 nanopowder collected in the downstream region has the 
Ti-O-C carbonaceous bond, which activates photocatalytic performance for the decolorization of MB solution 
even under visible light irradiation. 
(4) Decolorization of methylene blue solution under the visible light irradiation is considerably related to band 
gap energy of C-TiO2 nanopowder. Highly functional C-TiO2 nanopowder with low band gap energy exhibits a 
decolorization rate of methylene blue higher than that of commercialized Ti compounds even under visible 
light irradiation. 
In chapter 4, a DC arc-DBD coupled plasma flow system in Fig. 1 (b) is developed and characterized for 
plasma surface treatment. The DC arc-DBD coupled plasma flow system is coupled with DC arc plasma jet and 
DBD plasma flow. The DC arc plasma jet promotes chemical reactions as a heat source and provides activated 
plasma particles to DBD plasma flow, such as ions and electrons. The DBD plasma flow generates active chemical 
species. For the effective plasma surface treatment, a novel type of DC arc-DBD coupled plasma flow system is 
investigated for its electrical, thermofluid flow, and optical emission characteristics. This system has strong 
electrical interaction between a DC arc plasma torch and an inner DBD electrode, which induces increase in 
capacitance of the dielectric barriers denoting the slope in the Vmax-Qmax plot of Fig. 4 (a). Because of this 
interaction, plasma discharge modes are divided into a stable and unstable discharge modes depending on DBD 
applied voltage, as shown in Fig. 4 (a). Based on characteristics of this system, plasma surface treatment for 
copper is conducted to increase its surface free energy by using only DBD plasma flow, only DC arc plasma jet, and 
DC arc-DBD coupled plasma flow. As a result, when using DC arc-DBD coupled plasma flow, surface free energy of 
copper is the most effectively increased under the stable discharge mode due to a synergetic effect of this system, 
as shown in Fig. 4 (b). In this chapter, distinct results are summarized as follows; 
(1) Discharge formation of DC arc-DBD coupled plasma flow depends on applied voltages and the configurations 
of electrodes for the formation of DBD plasma flow. 
(2) The discharge mode of DC arc-DBD coupled plasma flow is strongly influenced by the applied voltage of DBD 
plasma flow which is stable at Vpp-DBD = 6-10 kV for constant DC arc current of 10 A. 
(3) DC arc-DBD coupled plasma flow effectively increases the surface free energy of copper substrate associated 
with wettability by thermal and chemical effects.  
(4) Compared with surface treatment only by DC arc plasma jet or only by DBD plasma flow, an oxygen 
concentration on the surface of copper substrate treated by DC arc-DBD coupled plasma flow is higher which 
plays a predominant role to increase the surface free energy. 
In chapter 5, the conclusions of this dissertation are described with distinct results. 
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